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1. REPARTITION OF POTASSIUM IN CELLS
AND PLASMA

Duliére * reported in 1931 a constant enrichment in
the serum potassium of blood kept in contact with cells
over a period of days.

The manifestations of potassium poisoning have been
well known since Blake’s? observation in 1840. The
symptoms in both cold * and warm* blooded animals
have been reported. Such poisoning is not peculiar to
the animal kingdom, for alterations in the concentra-
tion of potash in certain plant cells or in the mediums
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in which they live profoundly affect many of their
normal reactions.®.

Because of this, an investigation of the loss of potas-
sium from cells and its increase in the plasma, as one
of the abnormalities of stored blood, was felt neces-
sary. An investigation seemed doubly imperative on
account of the recent rapid rise of “blood banks,”
together with the growing conviction that blood kept
too long is dangerous, as judged by an occasional severe
reaction, a greater incidence of post-transfusion jaundice
and an occasional unexplained death.

Normally human red cells contain twenty times as
much potassium as there is in the plasma. It is the
chief mineral base of cells. Naturally factors altering
this distribution would make available an ever increas-
ing amount of potassium in the serum of preserved
blood.

FIRST SERIES

The first group of experiments was designed to
check Duliére’s statement. Two samples of the same
human venous blood were collected with aseptic pre-
cautions and kept in pyrex flasks stoppered with cotton,
in the dark, in a refrigerator at 4 C. in the followmg
manner :

ExpPERIMENT 1—~The blood, 250 cc., was kept under liquid
petrolatum.

ExperiMENT 2.—The blood, 250 cc., was mixed with 2.5 per
cent solution of sodium citrate in sufficient quantity to make a

mixture containing 031 Gm. per hundred cubic centlrneters
of blood.

At the same time a 5 cc. sample was mixed with
heparin (Connaught) in a centrifuge tube and spun for
one hour. This served as the sample for base line
determinations.

Portions of the serum or plasma were pipetted off at
twenty-four hour intervals for five days and then at
approximately weekly intervals for a month. With
each analysis, material for culture was taken and
streaked on blood agar plates. These were observed
for growth at the end of twenty-four and forty-eight
hours.

Potassium determinations were done by the argenti-
cobaltinitrite modification ® of the method of Kramer
and Tisdall,’ the final colorimetric readings being made
on the Evelyn photoelectric colorimeter.® The value
given is the mean of two aliquots. Cell volume was
determined by Sanford-Magath tubes spun for one hour
at 2,000 revolutions per minute.” Specific gravity was
measured by the method of Barbour and Hamilton.'
The plasma protein content was calculated by the
formula of Weech, Reeves and Goettsch.!*

The following experiment is typical of the series as
to method and results:
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ExPERIMENT ). —Blood kept under oil without a preservative.
The blood of the donor, Dr. J. S., was of group B.

Procedure.—In addition to the determiinations, which served
to provide basic values, made at the time of the bleeding, eight
other sets of analyses were made, and the results were expressed
in four ways (table 1):

‘1. Column 4; actually observed; serum potassium as milli-
grams per hundred cubi¢ centimeters of serum.

2. Column 5; by calculation as milligrams of potassium in
the serum of 100 cc. of blood. This figure for practical pur-

TaBLE 1 (experiment 1).—Blood Kept Under Oil Without
Preservative

1 2 3 4 5 [ ] K 8
Milligrams o: Potassium Per-
~ tenta ff
Obseryed SumofInerements of Ce
Value ,~———+———— Potas- Hemol-
per100  Per100 From _sium 8is

Ce.ot Ce.of 100 Ce. Dmu.ed Ob-
Date Sample Days Serum* Blood ofCells Out served)

82138 1 1 40.0 8.7 16.0 4.5 [}

. 8/28/38 [] 2 6.6 21.1 30.2 1.0 0
8/20/38 3 3. 83.0 272 61.0 142 [
3/30/38 4 4 100.8 8.1 64.7 18.3 0
3/31/38 5 H] 183.2 8.6 89,7 25.3 []

| 9/88 .3 14 £200.0 76.1 140.5 3968 S+++
4/15/38 1 20 206.4 8.6 145.2 409 ++4+4
4/29/33 8 4 2250 86.0 158.0 48  4+++

® Values uncorrected for sample removed.

poses gives at a glance the actual amount of serum potassium
in every hundred cubic centimeters of blood on any given day
when preserved in the stated manner.

3. Column 6; by calculation as milligrams of potassium gwen
oﬂ’ into the serum by each hundred cubic centimeters of cells.
This figure is theorctically more convenient for comparative
purposes, as it obviates the differences created by bloods whose
cell volumes may vary markedly from normal.

* 4. Column 7; as percentage of potassium which has diffused
out of the cells

Each day’s values represent the sum of the increments to
that particular day, care being taken throughout to estimate
the amount of potassium removed in the various test samples.
At each sampling a note was made concerning- the presence
and degree of hemolysis,

Valies— :

Basic Values: hematocrit reading, 54.3 per cent cells and
45.7 per cent serum; plasma potassium, 21 mg. whole blood
potassium, 202 mg. and cell potassium (calculated), 354 mg., per
hundred :cubic centimeters; specific gravity of plasma, 1.0274,
and plasma proteins, 6.87 Gm. per hundred cubic centimeters.

Calculation :

(a) For base line or zero values: blood sample, 250 cc.;
serum volume, 250 X 0.457 (percentage of serum) =114.4 cc.;
determined ' serum potassmm, 2! mg. per hundred cubic centi-
meters, and total potassium in original serum, 24 mg.

(&) For first day’s increment: blood sample, 2 cc.; serum
potassium (observed value), 40.0 mg. per hundred cubic centi-
meters; potassium in 2 cc. sample, 0.8 mg.; potassium in
residual serum, 1144—2X04=45 mg.; total potassium
in serum after twenty-four hours, 454 08==458 mg.;
increase . in total potassium in serum in twenty-four hours,
45824 (originally present) =21.8 mg.; increase in serum
potassium of 100 cc. of blood in first twenty-four hours,

21,8)(#‘)(%-&-)-: 8.7 mg.; amount of potassium given off in

first twenty-four hours by each hundred cubic centimeters of

100
cells, 21.8 X Z55toc oTHiood) % 0.547 (percentage of cells) =16 mg,

and percentage of cell potassium diffused out into serum in first
16 (amount Jost)
twenty-four hours, 537 Toriginal cell potasstom) = 4.5.
In a similar manner each day’s results were determined and
expressed as the sum of the increments.

Results—These are shown in chart 1 and table 1.

In each of the two flasks there was a steady rise in
the serum or plasma potassium. In the hematocrit tube,
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however, for the few days observed, the increment was
less and suggested that either heparin was a markedly
superior preservative or the slow diffusion was the
result of some other factor. .

In each instance there was discernible discoloration
of the supernatant fluid by the fifth day and obvious
gross hemolysis by the fourteenth.

The data in table 1 suggest that blood kept under oil
at a constant temperature loses in the first week at least
25 per cent of its cell potassium, at the end of three
weeks about 40 per cent and from that time on diminish-
ing quantities. In more practical terms, such blood at
the end of the first week contains in the serum of each
hundred cubic centimeters of blood at least 50 mg. of
potassium and any time after two weeks at least 75 mg.,
the amount gradually increasing.

SECOND SERIES

The second group of experiments was designed (1)
to check the results of the first series, (2) to ascertain
the effect of trauma (such as shaking) on the rate of
loss of potassium from cells and (3) to see what effect
the shape of the container had on the rate of diffusion.
The blood ‘of the donor, Dr, G. S., was of group O.
Five hundred cc. of blood was collected and placed in
three pyrex flasks.

ExperIMENT 3.—The blood, 150 cc., was kept under oil with-
out an anticoagulant,

ExpeRIMENT 4—The blood was placed in a Sanford-Magath
hematocrit tube containing heparin and spun for an hour.

ExprriMENT 5.—The blood, 150 cc., was mixed with 50 mg.
of heparin,

ExperIMENTS 6 and 6B.—The blood, 200 cc., was mixed with
the usual sodium citrate solution,

These flasks were treated in a manner similar to the
first set. The results are shown in table 2,
From the observed values, none of the anticoagulants

prevented the loss of potassium from the cells. The
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Chart 1.— in diff ly preserved bloods.
Both the dfnted blood llld the blood nored under oal were in Erlenmeyer
flasks. The heparlmzed blood was kept in a centrifuge tube. Data from
experiment 1, table 1

rate of diffusion appeared a little slower in the citrated
blood. There was a distinct difference in the heparin-
ized bloods (chart 2), that in the container with the
larger interface showing the more rapid diffusion. This
indicates that the shape of the container and not the
anticoagulant was probably the cause of the slow
diffusion in the heparinized blood in the first series.’
Here again, agitation by vigorous shaking hastened the
process of diffusion (chart 3).
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THIRD SERIES

In the third series four samples of fresh venous whole
blood were preserved in 2.5 per cent solution of sodium
citrate, 3 per cent solution of sodium citrate, Peyton
Rous solution ** and the Russian citrate solution.??

ExeerIMENT 7~Blood preserved in 2.5 per cent solution of
sodium citrate. The blood, from a professional donor, G. W,
was of group O. To 125 cc. was added 17.5 cc. of 2.5 per cent
solution of sodium citrate to give a mixture containing 0.31 Gm.
per hundred cubic centimeters of blood. Each day a 2 cc

g RE§
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" Chart 2.—The effect of the shape of the flask on potassium diffusion.
Data from experiments 4 and §, table 2.

sample was removed from the supernatant fluid without dis-
turhng the cells and the potassium content determined as in
experiment 1.

The results are tabulated in table 3 and graphically repre-
sented in charts 4 and 5,

ExpPerIMENT 8.—Blood preserved in 3 per cent solution of
sodism citrote. The donor was the same as in experiment 7
and the procedure was the same except that 15 cc. of a 3 per
cent solution of sodium citrate in sterile water was used as the
preservative for 125 cc, of blood. The gram percentages are
exactly the same, 0.31.

The results are tabulated in table 4 and graphically repre-
sented in chart 5.

ExreRIMENT 9—~Blood preserved in Russian citrate com-
pound. The blood of the donor, Dr. C. R. D., was of group O.
Fifty cc. was added to an equal quantity of preservative made
up according to the following formula: sodium chloride 7 Gm.,
sodium citrate 5 Gm., potassium chloride 0.2 Gm., magnesium
sulfate 0.004 Gm. and distilled water 1,000 cc. The rate of dif-
fusion was determined as in experiments 7 and 8.

The results are tabulated in table 5 and graphically repre-
sented in chart 5.

ExperiMENT 10.—Blood prescrved in Peyton Rous compound.

The blood of the donor, Dr. J. S., was of group B. To 150 cc.
was added 250 cc. of 5.4 per cent solution of dextrose in dis-
tilled water and 100 cc. of 3.8 per cent solution of sodium citrate.
The high percentage of sodium citrate in this preservative con-
traindicates its use for transfusions; the cells, however, may be
resuspended in saline solution and used. The results are shown
in table 6 and chart 5.

SUMMARY, PART I

1. There is a daily increase in the amount of potas-
sium present in the serum or plasma of whole blood kept
in vitro under aseptic bacteriostatic conditions.

2. The transference of potassium from cells to plasma
begins at the time of withdrawal from the blood stream.
The rate is rapid at first and gradually diminishes.

3. The total amount found in the serum at the end
of ten days reaches 25 per cent of the total potassium

12. Rous,
B Cells in Vm'o

and Tutner, J. R.: The Preservation of Living Red
1. Methods of Prenrvntum. J. Exper. Med, 23:

219-237, (ng.) 1916.

13. Anderson, F, O.; Altimas, G. T, and MacPhail,
F.L;: An fnexhaumbk Source of Blood for Transfusion and Its Pres-
crvation, Surg., Gynec. & Obst. 66: !76—178 (Feb.) 1938.
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content ‘of the red blood cells iri the fresh state and at
the end of thirty days may exceed S50 per cent.

4. The rate at which the potassium is given up by
the cells is greatly increased by shaking.

5. The rate of potassium diffusion is evidently
influenced by the shape of the container. The
larger the interface area, the more rapid the diffusion
(chart 2).

6. Hemolysis appeared at varying times in the differ-
ent samples ; none was present in the sample preserved
in the Peyton Rous compound.

7. Changes observed in these experiments were not
due to bacterial infection.

8. Sodium citrate in a mixture containing 0.31 Gm.
per hundred cubic centimeters of blood is more effective
as a preservative than the more complex Ruissian citrate
compound.

9, The citrate-dextrose mixture of Peyton Rous
prevents loss of hemoglobin from the cells but not- loss
of potassium.

II. A COMPARISON OF THE RATES AT WHICH
CELLS LOSE POTASSIUM AND s
HEMOGLOBIN

In the third series of experiments, repeated attempts
to measure accurately the small amounts of hemoglobin
in the plasma of only slightly hemolyzed bloods were
unsuccessful with the usual acid hematin methods such
as those of Helige and Sahli. With the Pulfrich
photometer,” however, small daily increments were
demonstrable with greater consistency. The method
used is a modification of that described by Heilmeyer.'*
The content of hemoglobin may be calculated in grams
per hundred cubic centimeters of plasma and then
teexpressed as grams lost from the cells per hundred
cubic centimeters of blood.

The potassium determinations were done as described
in part I, the cultures on blood agar plates and the -

LR

il
° 4 S

Ctart 3. ——Eﬁect of shaking on preserved blood. Dlu from experiments
6 and 6B, table 2

pn -determinations first by titration and then checked
by means of a Helige glass electrode potentiometer
which had been calibrated by buffers.

ExreriMENT 11.—Blood preserved in diluted Russian citrate
compound. The blood of the professional donor, J. F., was of
group O.

Equal parts of blood and diluted preservative were mixed by
adding 125 cc. of blood to 125 cc. of preservative which con-

14. Heilmeyer, Ludwig: Medizinische Spel 5 je, Jena, Gustay
Fischer, 1933, p. 86.
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tained 875 mg. of sodium chloride, 625 mg. of sodium citrate,
25 mg. of potassium chloride and 0.5 mg. of magnesium
sulfate 13

The blood and the preservative were checked for initial pa
values, which were compared with the pa of the mixture at the
end of the experiment.

Hemoglobin determinations were done at the first suggestion
of hemolysis, Cultures were taken at well spaced intervals.

The zero value used in determining the daily increments
of hemoglobin was 40 mg. in the plasma from 100 cc. of blood.
This quantity is our normal value for blood which has been
centrifuged for one hour.

The basic values were as follows: hematocrit reading, 45.6
per cent cells and 54.4 per cent plasma; plasma potassium, 17.6
mg., whole blood potassium, 192.0 mg. and cell potassium (cal-
culated), 4000 mg. per hundred cubic centimeters; specific
gravity of plasma, 1.0253; plasma proteins, 6.25 Gm. per hun-
dred cubic centimeters; pr of blood, 7.3 and = of preserva-
tive, 7.4

The results are tabulated in table 7.

ExperIMENT 12.—Blood preserved in sodium citrate and
adrenal cortex extract. The blood of the professional donor,
J. F., was of group O. To 125 cc. was added 15 cc. of a 3 per

Tasie 7 (experiment 11).—Blood Preserved in Diluted Russian
Citrate Compound

Milligrams of Potassium Per- Mg.of
— A - centage Hemo-
Observed SumoflIncrements of Cell globin in

Value ,———*———— Potas- Plasma

per100 Perl00 From siom  per 100 Culture
Ce.of Cec.of 100Ce. Diffused Cec.of (Blood
Date Days Plasma Blood ofCells Out Blood Agar)

9/28/38 1 10.2 9.7 2.2 5.8 . 0
9/24) 2 2.3 20.5 4.9 ne - . .
9/28; 3 08 238 50.0 12,5 . .
0/26/38 4 97.8 370 81.0 203 .. ..
9/27/38 5 40.1 1.4 90.0 2.5 . [
9/28/88 (3 47.7 52.3 114.7 28.7 s .
9/30/38 8 50.3 36.1 123.0 0.7 .

10/ 2/38 10 53.6 609 138.5 8.4 .- .

10/ 4/38 12 0.9 N4 156.5 9.1 ..

10/ 6/38 4 813 80.7 1770 4.3 .

10/ 8/38 18 741 20.0 197.4 49.3 . 1]

10/10/38 18 80.1 98.4 215.8 4.0 .

10/12/38 2 81.9 1008 2.0 55.3 0.7

10/14/38 22 8.0 103.8 291.5 56.9 193.0 .

10/16/38 u 9.7 115.7 258.7 3.4 841.0 .

10/18/38 2 100.3 126.0 276.0 0.0 583.0 [}

10/20/88 2 108.5 1343 204.6 73.6 602.0

10/22/38 30 107.3 135.4 206.8 4.2 813.0

10/24). k-4 100.0 181.7 302.0 5.5 1,1720

10/31/38 89 nLo 140.2 $07.5 6.9 1,708.0

11/ 7/38 46 123.0 15%.5 3420 83.4 2,242.0

11/14/38 58 128.3 162.3 336.0 8.0 8,157.0 [}

11/18/88  pu = 7.31 &= 0.03 ss determined by glase elcetrode

cent solution of sodium citrate and 10 cc. of adrenal cortex

extract, the mixture being treated like that of experiment 11.

The basic values were the same as in experiment 11 except

" that the pa of the mixture of sodium citrate and adrenal cortex
extract was 7.3.

The results are tabulated in table 8 and graphically repre-
sented in chart 6.

EXPERIMENT 13.—Blood preserved in undiluted Russian
citrate compound. The blood of the professiona! donor, J. F,,
was of group O. The procedure was similar to that of experi-
ment 11 except that only one half the quantity of preservative
was used and no distilled water was added. The 12.5 cc. of
preservative contained 312.5 mg. of sodium citrate, to make a
mixture containing 0.228 Gm. per hundred cubic centimeters
of blood. The results are shown in table 9.

ExperIMENT 14.—Blood preserved in Grey's buffered solu-
tion. The blood of the professional donor, J. F. was- of

. group O. The procedure was the same as that in experiment 11
except that 1125 cc. of blood was used and 12.5 cc. of preserva-
tive prepared according to Grey.!® The results are shown in
table 10.

Table 11 shows at a glance the difference in rates
of hemolysis in the four types of preservative. The
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increases of each are expressed in grams in the plasma
of 100 cc. of blood and then as percentage of hemo-
globin lost from the cells.

Table 12 expresses the percentage loss of potassium
from cells.

The information gained shows that none of the pre-
servatives prevented an increase in plasma potassium,

TasLe 11.—The Difference in Rates of Hemolysis

Experi- Experi- Experi-

Exper}-
ment 12;

ment 11; ment 13; ment 14;

Solution of Undiluted Grey's

Russian  Sodium Citrate  Russian Buf-

Citrate and Adrenal Citrate Ler

Compound Cortex Extract Compound Solution
(Samples Hemoglobin Hemoglobin Hemoglobin Hemoglobin
collected in Plasma in Plasma n Plasma in Plasma

Sept. 22) ——r——

Per Per Per Per
Date Days Gm. Cent Gm. Cent Gm. Cent Gm. Cent
10/12/38 20 0.001 0.006 0078 052 0115 0.76 0.025 017
10/14/88 22 0176 117 0004 0638 01684 1.0 0018 0.52
10/16/38 24 0.344 220 0190 1.27 0200 1.73 .16 0.7
10/18/38 26 0.524 349 0.254 1.0 0354 2.96 0.16¢ 1.00
10/20/33 28 0.684 4.36 0.876 231 0477 318 0288 1.50
10/22). 30 0812 541 0.502 3885 0.651 4.34 0342 228
10/24/38 82 1150 17.67 0.716 477 0981 6.34 0.4% 291
10/26/38 34 1819 8.79 0802 5.3 1138 7.55 0508 3.99
10/28/38 38 1.488 9.92 0.988 b5.92 1.285 8.57 0.700 . 5.07
10/30/38 33 1.697 11.31 1223 813 1408 9.95 1.061  7.07
31/ 7/88 48 2238 1.0 1.874 11.00 2105 14.08 1463 973
11/ 58 3135 20.%0 2151 14.34 8.526 23.50 1673 11.13

and of the preservatives analyzed sodium citrate func-
tioned best. The blood kept under oil manifested the
same changes. The reason underlying the mechanism
of potassium loss is obscure; the finding of an increase
in ammonia may prove significant.

Amberson ¢ has shown that hemoglobin itself is not
toxic to the vertebrate body if it has been freed from
stromas, and if the solution was properly balanced
infusions containing from 12 to 14 per cent caused no
abnormal reaction. The quantities present in the plasma
of the most hemolyzed bloods under our observation
have not approached this figure.

TasLe 12—Percentage Loss of Potassium from Cells;
Comparison of Different Preservatives

Solution of
8odium TUndi-

23% 3% Diluted Citrate _lated Grey's
Solu-  Solu- Russian Peyton Russian and Russian Buf-
tion of tion ot Citrate Rous . Citrate Adrenal Citrate fered
Sodium Sodium Com- Com- Com- Cortex Com- Solu-
Days Citrate Citrate pound pound pound Extraet pound tion
7 8.7 18.8 231 19.0 0.3 20.4 2062 2.1
b1 328 28.7 40.9 1.2 4.3 341 8.2 423
21 448 408 60.0 4.2 36.1 5.7 49.5 583
30 S.7 “H.7 68.0 384 H2 62.3 58.1 812

These potassium levels were confirined in the Iaboratory of Dr. Robert
F. Loeb on sampies submitted Oct, 4, 1938.

SUMMARY, PART II
1. The erythrocytes of preserved blood lose potas-
sium at different rates, depending in part on the type
of preservative. This loss begins before the diffusion
of hemoglobin. Hence the degree of hemolysis cannot
be used as an index of potassium loss.
2. A high degree of potassium diffusion may be
present in the complete absence of hemolysis (table 7).

III. THE TOXICITY OF POTASSIUM
With the observed increase of potassium in the
plasma of stored blood, a reinvestigation of the toxic
action of this base was deemed necessary.

15.°Grey, Temple: Buffersd Citrate Solution in Blood Transfusi
Lancet 8: 1431 (Dec. 18) 1937,

16. Amb i, W. R.: Blood Substitutes, Biol. Rev., Cambridge Philo-
sophical Soc. 12: 48-86, 1937,
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~ The literature on the subject is abundant,!” and some

of the lethal doses are tabulated in tables 13 and 14.

Six years after Blake’s? discovery that injections of
potassium caused cardiac arrest in dogs, Bouchardat
and Stuart-Cooper ** in a series of fifty experiments
established the lethal doses for fish, frogs, fowl, dogs
and rabbits, Although this work-was done in 1846,

Tasie 13.—Lethal Doses of Potassinm (Gustav Bunge, 1871)

BLOOD PRESERVATION—SCUDDER ET AL.

Weight Dose, Time of
Anjmal Kg. Gm. Salt Death Authority
1. Introduced into Stomath
Rabbits............. 3 KC1 30 min. Guttmann
1.6-4 XC1 4070 min, Bunge
DOGS.evurennrrnnnnn ¢ 1862 KCl 1hr. Podkopaew
48 ) ENOs 114 hrs. Orfila
2, Subeutaneous Injection '
BCOa
Rabblts............. o 115 {KC] 1520 min.  Guttmann -
KNOs
1.2 4
2.0
{]‘g‘o, 3% min.  Falek
12 3 KQ1 134 hra. Bunge
[0 1 ¢ U, 8 Q1 1% hrs. Bunge
8. Intravenous Injection
. 0.28 KC1 Immediate Grandeau
. 0.3 KNO;: Immediate ‘Traudbe
1115 ECI Immediate Grandeau
0.1 KC1 Immediate Bunge
0.61 XC1 .. Podkopaew
4. Intra-Arterial Injection
1177 T 15 b (0. P Podkopaew

the conclusions are valid today, namely that the toxic
action of potassium depends on the mode of adminis-

tration, the rate of injection, the amount of potassium

in the salt used and the individual resistance of the
animal.

Concerning the toxicologic effects of potassium there
are many contradictory data, owing in part to the choice
of the animal. There is, however, fairly uniform agree-

TABLE 14—Lethal Intravenous Doses of Potassium
(Since Bunge)

. Hf. of Potas-
Year Authority Animal Salt sium per Kg.
1881  Feltz and Ritter Dog Ral 48
1883 Bochefontaine.... Dog EC1 10
1802 Dog KNOs 20
1908 Dog KCl 89.90
1010 Dog KCl 88.8 -
1038 Dog KCl 20

ment that small doses of potassium increase, while large
doses weaken and paralyze, the normal functions of the
nervous, glandular and muscular systems.

Most authorities attribute death to cardiac paralysis:
Claude Bernard,'® Traube,*® Grandeau,®® Aubert and

W. A.: P

17. Webster, R. W,, and B
Chicago, Commonwealth Press, 1927.

18. Bouchardat and Stuart-Cooper: Expériences sur P'action physi-
ologique comparée des chlorure, bromure et iodure du potassium, Arch,
gén. de méd. supp. 361-378, 1846.

19. Bernard, Claude: Legons sur les effets des substances toxiques et
médicamenteuses, Paris, J.-B. Baillidre & Fils, 1857, p. 350.

20. Tﬂube:
Centralbl. f. d. med, Wissensch. 3: 429, 1864.

21. Grnnduu, Louis: Expériences sur l'action physiologiques des sels de
pgtsaull:al. de ‘sodium et de rubidium, J. de I'anat. et de physiol. 11 378-
385, 3

and Tartrates,

Uteber die Wirkung des salpetersauren Kali auf das Herz, .
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Dehn,** Bohm,** Dogiel,** Feltz and Ritter,®* Boche-
fontaine,*® Binet,>* Hald*®* Mathison,*®* Howell,®

Gross * and nggers 32

Electrocardiograms taken in the course of conditions
associated with hyperpotassemia *® or after ingestion,*
injection,®® perfusion® or topical application®* of
potassium salts show a variety of changes. These range
from slowing of the rhythm, decrease in PR interval
and low voltage, to bundle branch block, ventricular
fibrillation and cardiac arrest.

The respiratory and cardiac centers are other focal
points of potassium action. Hooker* had demon-
strated, by infusing the medulla of dogs, that an increas-
ing concentration of potassium over calcium in the
spinal fluid is followed by both respiratory and cardiac
arrest.

Vascular smooth muscle is constricted by an increase
in potassium concentration.®® Of importance is the
recent experimental work of Katz and Linder,*® who
reported coronary dilatation with small doses and
complete occlusion with larger doses of potassium. In
this condition, sodium salts caused relaxation of the
constricted vessels.

The effect of potassium on blood pressure depends
on the manner of injection and amount of the salt
injected.*® In general a decline in blood pressure occurs
with intravenous ** and a rise with intra-arterial medi-
cation.*?

Aubert and Dehn,* however, reported a rise with
very small intravenous doses. Mathison* has con-

firmed both the pressor and depressor effects of

potassium salts.

Toxic oral doses are promptly vomited, and with
certain animals ligation of the esophagus ** was neces-
sary to demonstrate that absorption from the gastro-

22. Aubert, H., and Dechn, A.: Ueber die des Kaffees, des
Fleischextracts und der Kalisalze auf Hmthatmkeu nnd Blutdruck, Arch.
f, d. ges. Physiol. §:115-155, 1874,

23. Bohm, R.: Ueber Wiederbelebung nach Ver?mmgen und Asphyxie.

. f. ex Path. u. Pharmakol. 82 68-101, 1873.
.24, Dog'é,“ J.: Ueber den Einfluss einiger auf Afuskeln und
bl. f. d. med. Wissensch. 30: 354—356, 1892

25, Feltz, V. T., and Ritter, C, E. E.
meéd. de l'ut. 18: 176-177, 1881.

I.o expériences relatives &

uis Q
Iétude des effets physiologiques da 1a mde de la potasse et leurs scls,
Compt. rend. Soc. de blol &: 78-82, 1883. )
27. Binet, P.: Surla des Jeall
terreux Compt. rend Acad. d. sc. 115: 251- 253 1892.
l-illd P. T.: Die erkuntol r Kalisalze auf die Krmlauilor(ane.
exlper Path, u. 83 227-260, 1905.
29 Mnth G. C.: The Effects of Potassium Salts v ;on
Muscle, J. Physiol. 431 471-494, 1911
An Analysis of the Influence of the ium,
lood on the Automatic Contractions
. Physiol. 6: 181-206, 1901-1902.
ross, E.: Die eutung der Ringer’schen Lasung fir
du uolleﬂe Sau ierherz, Ar f. d, Physiol. 991 264-322, 1903
ngfe : Monophasic and formed_Ventricular Coﬂlpl
R Jlting from Surface Application of Potassium Salts, Am. Heart J. 5
346-350 (Fel») 1930,
33. Scudder { Zwemer, R. L., and Tr ki, in
Acute Intestina Obstruction, Surgery 1: 74-91 (Ian) 1937 Scudder
and Zwemer. 5
34. Scudder, E‘ Zwemer, R. L., and Whipple, A. O.: Acute Intestinal
valuation of stultl in 2,150 Cases, with Detaifed Studies
12 I’Eg;ng_-el';iv)e Showm; Potassium as a Toxic Factor, Ann. Surg. 1073
35. Clumberhm, ¥ Scudder, J., and Zwemer, R L.: To be published,
36. Gautrelet, Jean: De Iaction ‘sur le coeur de I'ion potassium di
§t9 ox7ntrodmt par electrolyse, Compt. rend. Soc. de biol. 6%:1084-1085,

The Perﬁlsum of Ilﬂeu Mammalian Medulia: The

i y Centers, Am, J.

Physiol, 38: 200-208, 1915

38. Astolioni, G.; Ricerche intorno all'aziome farmacologica delle solu-
zioni dei sali de potuno. Arch. internat. de pharmacod. 11: 313-356, 381-
403, 1903. Hald.®

39. Katg, L. N., andLlnder. E.: The Action of Excess Ca and

Pl Aﬂl. A Ph iol 1’4! 155-160 égct.) 1938

Effect of Potassium Salu Due to

u:ephnn A T’I’b 1. 114: 207
D! e, m. 'IO. H -
211 (Dge.) 1935, " Mathison. 4

Kieeberg, F.: On the Influence of Potassi umSod!um ‘Tartrate upon
the Cm:ulanon. Am, Med. 82 622-625, 1903. Aubert and Dehn.®*
g ’B‘.thuo'é. Mccﬁl . &ndph ‘Tl::uch Wirkuny der Fleisc!
. Bun ustav: 3 v
und_der Ralisalze, Arch, f. d. ”Ph siol, 43 235-282 1871.
M : Traité des poisons, ed. 2, Pnrh rochard,

s De 'urémie expérimentale, Rev,

et alcalino-

A ALy

hbrilbe
Orfila,
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intéestinal tract may be toxic. The lethal doses, however,
are from seventy to a hundred times the intravenous
ones.
ANIMAL EXPERIMENTS

To test again the toxic action of potassium, the
rabbit and dog were selected. The former has a high
and the latter a low potassmm content of the blood
cells.

200
pd
o
4
/
1 4
V2
7
140 /
§ /
y
§ /
. ¥
g, 100 ‘f
g "_/ I I
] ; A
3 ]
£ ! /"
7
) / o= Mg.K off from each
0} T 100 cc. calle -
i, eme Mq. K par 100 oc. bivod
0 2 468 1012M41618224282%8X
. Days
Chart 4.—Preservative: 70 cc. of a 2.5 per cent nlutum oi sodium
citrate for 500 cc. of blood, The diffusion of
:dt'a)'tfe' (a) the rivg ¢ given off méoo cc. of oells (theoret:c:l)
m
blood, " Data from t 7, table 3. Thepoiabferq:ilchnrtm
ebtained initial base line values to the daily ts
expressed in the is chart shows the actual amount of potassium
in each h cubic centimeters of bl In giving a transfusion of
1,000 cc. of this blood on the thirtieth day one would be giving 1 Gm.
potassium,  Under sucl ution would need to
excrcised, for example in the rate of injection.
TaBLe 15.—Rabbits Given Injections of Solution of Potassium
Chloride
Coneen-
tration Potas-
ot Solu- Potas- sium
tion as Amount Place and sium as Mg.
Rab- Wet(h'.. Gm. per Injected  Speed of Chioride per
bit g. 100Ce. asCe Injection as Gm. g.  Results
1 1.01 0.381 560 Peritoneum 21 547 Died on
Slowly seventh day
20 0.381 500 Peritoncum 1.98 514 Revived and
Slowly given
another In
Jectionon .
twelfth day
1 235 0.381 40 Jugular vein 0.132 82 Convulsion:
Rapidly died at once
¢ .36 0.381 © Jugular veln 0.152 84 Convuhion;
Rapidly died at once
5 30 088 %  Jugularvein 019 49 Convulsion;
Rapidly died in few
minutes
] 2.0 118 42 Jugular vein 0.487 128 Convulsion;
Slowly died in 13
min. 5 sec.

In our first set of experiments five rabbits were
used. In three the potassium chloride solution was
injected rapidly into the jugular vein, with immediate
death after a generalized convulsion. In two the solu-
tion was injected into the peritoneum; one lived a week
and the other recovered and was given an intravenous
injection on the twelfth day The resuits are given
in table 15.
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In the second group of experiments four dogs were
used in an attempt to determine more accurately what
part the speed of injection plays in the production of
toxic symptoms. A typical protocol is presented in .
table 16. The actual lethal dose was given when 275
cc. (138.5 mg. of potassium per kilogram) of fluid
had run in. The additional 25 cc. was accidental and .
may accourit for the excessive rise shown by the last
value for plasma potassium. The gradual fall in the’
specific gravity and protein content of the plasma
may be considered as an indication of blood dilution.
The changes in the cell volume as recorded by hemato-
crit readings are more difficult to explain. The initial
fall represents. dilution and the secondary rise a sudden
transport of fluid from the blood.

A summary of the experiments on dogs is presented

in table 17,

TOXICITY IN MAN
The literature is very meager regarding the toxic
action of potassium on man. Orﬁla ** in 1818 reported
the following cases:

A man with periodic fever took 134 ounces (45 cc.) of potas-
sium nitrate, thinking it was epsom salt, and died in ten hours.

L4
mol— - L
g -
g
k‘”’ : 7
/ AT
100[— / 1 ).3
X /' ﬂ‘?c
et oF
w ) 204
‘/7 —F .
!’,“ " strat, "
40 4 P
J." o Rous compound u
7 — 7.nodlumdm
(4 ——e 30Z 60cc|_ |
7 WWM
0 oil —
CT A S CDEUB BN E NS B X
Days
Chart 5.—C ison of i in pl

p fum in differently
jum in the o‘bh of 100
m were a8 1n
10, tables 1, 3, 4,

of p
cc. of bldod on any given day are shown. The
;ha.;td%‘ The data are from experiments 1, 7, 8, 9 and 1

A woman aged 40, suffering from heartburn, tock 3 or 4
drachms (11 to 15 Gm.) of potassium sulfide in 4 ounces
(120 cc.) of water by mistake. Severe vomiting ensued, fol-
lowed by unconsciousness, the presence of black bloed in the
capillary system, especially of the lips and eyelids, and paralysis
of the left side of the body. The action of the heart was barely
perceptible and then failed. Autopsy showed the mouth and
esophagus to be clean; the gastric mucosa was not greatly
involved, except that here and there it was dry and red, with
sulfur precipitates.

Many other cases were reported ; when death was rapid
the picture was one of shock and when it was delayed
one of severe gastro-enteritis.

Bunge % observed that small doses do not aﬁect the
pulse or temperature.

Kylin* in 1925 injected from 0.15 to 0.8 Gm. of
potassium chloride intravenously and reported a fall in -
the blood sugar content. '

44 Kylln E., and Engel, A.: Ueber die Einwirkung der K-ionen auf
den 1, Klin, Wechanschr, 41 653, 1925.
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Arden *® in 1934 recorded a case in which 15 Gm. of
a potassium salt was taken by mouth. Muscular weak-
ness, paresthesia of the hands and feet and a metallic
taste in the mouth appeared in forty minutes and lasted
from three to four hours.

Electrocardiographic tracings after the ingestion of
potassium salts equivalent to 4.3 Gm. of potassium
element have been reported.®*

BLOOD PRESERVATION—SCUDDER ET. AL.

5. Recovery may be effected by artificial respiration,
cardiac massage, the use of oxygen, injections of salt
solution ‘¢ and administration of cortical extract in
large doses.® '

COMMENT

The employment of preserved blood has increased
during the past twenty years because of its numerous
advantages.*’

TasLe 16.—Infusion into bog of Isotonic (116 Gm. per Hundred Cubic Centimeters) Solution of Potassium Chloride

‘Whole
X Blood Plasma
Hematocrit Plasms  Potas- Potas-
Elapsed Reading; Specific Proteins, sjum as  sfum as
Time in Percentage QGravity Gm.per Mg.per Mg. (?u
Time Minates Intusion 0fCells of Plasma 100Ce. 100Ce. 100Ce. . Bource of Blood Comment
1025 a. m. Before anes- 490 1.0262 6.30 24.5 2.7 Leg vein Blood for base line lllllltly
thesia hemolyzed; given 30 m
D!l‘ R( of pcntolm'bltu
10:35 2. m. [ After anes- 46 1.0248 6.08 201 14.0 Leg vein
. sion started .
30:44 . m. 9 After 100 ce. 38.9 1.0240 581 g 203 Jugular vein Rates of infusion 20 drou
a minute after first 50
nN:Ya m 54 After 200 ce. 402 1.0287 5.72 368 40.1 Juguiar vein Qmoﬂe. with lnuuhr
aired respira during
n perfod when went
fn too fast
1:3%a. m. 64 After 213 ec. a4 1,0281 5.32 49.2 @l Jugular vein bc;:nvuldon. ltgnped
) relaxed; ‘helrt fibrillating
1:41a. m. o After 300 ce.” 38.8 1.0195 4.8 67.0 172.0 Right side Heart ped; blood
. of heart clear; no olysis
dred cubie centt and in urine, 744 ma.” per hundred cubie

At desth: Potassium in cerebrospinal fluid from basal eistern, 51.8 ma. per h
centimeters

Autopsy heart dilated, no' pericardial effusion, bladder full; no petechial hemorrhages

® 25 cc. accidentally run in rapidly after convulsion,

TasLe 17.—Dogs Given Injections of Isotonic (116 Gm. per Hundred Cubic Centimeters) Solution of Potassium Chloride

Plasms Plasms
Potassium Potassium l’otaulum
Potassium as Mg. Before
Weight,  Tojaed  Tuemed  ofHoh Time ; mﬁ' ?f'u"
o y N 3 .
Dog % asCe.  asGm. Weight Minutes W& wde Comment
1 98 100 128 2.1 3% 188 99.3 Pentobarbital lodlmh anesthesia,
mg. per + fluid run rapidly

into vein by infusion; died after
eonvulsion

2 10.3 12 1.302 780 18% 28 51.5 No sanesthesia; fluld administered

: bkdlyﬂm. 10 ce. at a time, slowly;

dled after a convulsion

3 83 100; 116 6.0 33 18.8 26.0 Pentobarbital sodium; Sufusion;

some leakage young dog; died suddenly -
into tissue 135 .8 Spinal fluld

4 12.0 215 .18 1800 64 2.7 1720 Pentobarbital sodium; ﬂuid run in
slowly by infusion; died aft
eonvulsion

518 Spinal fuid

: SUMMARY, PART III

1. The parenteral administration of potassium is
associated with toxic manifestations of both muscular
and nervous tissue together with a depression of the
central ‘nervous system.

2. The almost specific action of potassium is on the
heart and circulation, with disturbances varying from
diminished cardiac output to immediate diastolic arrest.

3. We have reaffirmed the lethal dnses for animals
previously reported.

4. The rate of injection is of particular importance,
for when the potassium is given slowly several times
the usual lethal dose is tolerated.

45. Arden, Felix: Experimental Obscrvations upon Thirst and on

Potassium Overdosage, Australian J. Exper. Biol. & M. Sc. 18:121-122
(Sept.) 1934,

Of the many prescrvatxves used, none tested pre-
vented the diffusion of potassium from cells. In several
hemolysis was slower and in one it did not take place
at all, yet the diffusion of potassium was not altered.
The remainder showed definite hemolysis; in some it
started as early as the fifth day. All this illustrates
the inadequacy of present methods of storage.

46, Amberg, e:xmuel and Helmholz, H. F.: The Detoxifying Action of
Sodium Salt Salt in the Guinea Pig, J. Pharmacol. & Exper.
Therap. 12: l9-35 (Aug.) 1918,

47. Lewisohn, Richard: Blood Transfusion by the’ Citrate Method,
Surg., Gynec, & Obst. 21t 37-47, 1915; A New and Greatly Simplified
Method of Bloed Transfusion, M. Rec, 87: 141-142, 1915; Twenty Years’
Experience with the Citrate Method of Blood Transfusion, Ann. Surg,
105: 602-609 (April) 1937, N.: The Transfusion of
Stored Cadaver Blood, Yancet 21 306309 (A\lz 7) 1937, Perry, Mar-
garet C.: Preservation of Blood for Transfusion, Wisconsin M. J. 238:
123127 (March) 1926. Yudin, S, S.: Transfusion of Stored Cadaver
Bl Practical Considerations: The l’nm Thousand Cases, Lancet 23
361-366 (Aug. 14) 1937, Robertson, O. H.: Transfusion with Preserved
Red Blood Cells, Brit. M. J. 1: 691-695 (June 22) 1918.
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Although the observation that red blood cells lose
potassium is not new,*® no attempts have .been made
to prevent this loss. One of the problems of the future
therefore is an attempt to keep blood under such con-
ditions that both diffusion of the salts and hemolysis are
prevented. The required knowledge may come through
a better understanding of the laws which govern cell
metabolism, diffusion and surface phenomena.

Naunyn *° in 1868 first described the toxic properties
of laked blood. His observations have been reaffirmed
by many subsequent investigators, beginning with
Landois,” but the nature of the toxic substance or sub-
stances has yet to be revealed.

Phemister * and Phemister and Handy 52 reported
that there was something in slightly laked bloods which
caused vasodilatation and in more severely traumatized
blood which caused vasoconstriction. It was not
histamine, not products of the disintegration of epineph-
rine and not the pituitary principle, nor did it develop
as the result of changes in oxygen, carbon dioxide or
hydrogen ion concentration, shifts in temperature or
exposure to light or air. Petroff and his associates 52
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plasma potassium of preserved blood again raises this
question. The intravenous lethal dose for man has not
been observed. Studies on animals suggest that a rapid
transfusion of from 3 to 5 liters of blood with a plasma
content of 100 mg. per hundred cubic centimeters would
be necessary to kill an adult. Blood preserved for
thirty days by the methods now in use would contain
potassium at this level, but it is unlikely that such quan-
tities of stored blood would be used except as a slow
continuous drip. It is probable, however, that such
blood often may be used in quantities sufficient to cause
toxic manifestations from its high potassium content.

The rapid administration of large quantities of blood
preserved too long may be dangerous in conditions
associated with h tassemia, specifically in the
dehydration of cholera,“ intestinal obstruction,®® intes-
tinal fistula ®” and severe burns.?

Likewise its use seems contraindicated in both
renal *® and hepatic insufficiency * as well as in those
diseases in which potassium retention is manifest, such
as typhoid, influenza and pneumonia.’

In certain disorders of the ductless glands linked
with disturbances in salt metabolism,*® such as para-
thyroid tetany ® and the collapse state of addisonian
crises,®® the giving of highly potassic blood may be
dangerous.

On the other hand, in conditions of hypopotassemia,
or potassium lack, preserved blood mayyfplgd a specific
use.

Finally, in hemorrhage and shock,®® in which the
need for blood is greatest and in which preserved blood
finds its greatest usefulness, its improper use would
seem to carry the greatest danger.

This study has been limited to potassium and hemo-
globin.  No claim is made that in potassium alone lies
the noxiousness of preserved blood. Observations

w0

LT
111
117
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$3. Schmidt, C.: Zur Ch istile der Cholera gegen-
ber verwandten Tramudnuouanomaheen, Lewzlg, G A. Reyher. 1850.
]-‘56 Cutler, E. C, and Pijoan, Michel: Certain Chemical Factors in

[} L] 10 (1] 20 23 30 as 40 45 DAYS

Chart 6.—Blood preserved in solution of sodiym cxmte and adrenal
tortex extract. These curves illustrate that diffusion of potassium occurs
before diffusion of h and indi the of criteria other

n hemolysis in assaying the various types of preservatives. .

have observed such vasoconstriction of the splemc,
renal and pulmonary vessels following the m]ectlon of
hemolyzed blood but did not isolate the causative fac-
tors. Amberson * has established the fact that the toxic
factor is not hemoglobin.

Kronecker ® as long ago as 1882 suggested that the
toxic effects of laked blood were due to its high potas-
sium content. The finding of a large increase in the

l:8 Ashb!',{ %h;‘llf‘red M.: HSmt\gy ois:he sﬁechlnm‘nnofACgm e u;
sistance rocytes to Hy nic lution : . 1371 of
the Cause of Effects Produced by Cations on the Resis! of Red
Corpusclu Prmounly Described, Am. lJ Phynol Gs: 585 610 (Apnl)
1924, Kerr, S. E.: Studies on the norpmc Composition of Blood:
IIL. The ‘Infiuence of Serum on eability of of
Potassium and Sodium, onl Chem 85: 47.64 (Dec) 1

Eric, and Robinson, E. J.: The Esca; Potassium from Rlbblt Red
Cells inta Hypotonic Solution, Biochem. J. 38: 1940-1943, 1934. Duliére.l
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894 %y) 1937 Scudder, Zwemer and
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des sels de sodium et de potunnm. Compt. rend. Soc. de hiol, 85 498.
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regarding the relative toxicities of magnesium,®
ammonia and phosphorus will be reported subsequently.

CONCLUSIONS

1. There is a daily increase in the plasma potassium
of preserved blood kept under aseptic, bacteriostatic
conditions, with increments reaching as high as 1,000
per cent,

2. None of the preservatives tested prevent this dif-
- fusion of potassium from the cells, the lowest rates being
found in blood preserved in a mixture containing 0.3
Gm. of sodium citrate per hundred cubic centimeters.

3. Agitation, such as shaking, hastens the loss of
potassium from the cells.

4. The shape of the container markedly influences
the rate of potassium diffusion ; the greater the interface
area between the cells and the supernatant plasma, the
greater the rate of diffusion. This suggests that tubular
containers may be preferable to wide-bottomed flasks.

5. There is no parallel between the rates of diffusion
of potassium and hemoglobin; hence the degree of
hemolysis cannot serve as an index of plasma potassium.

7. In pathologic states associated with potassium
retention or sensitivity, the use of blood preserved too
long seems ill advised.



